I

OFFICE OF NAVAL RESEARCH

DTIC FILE COpy

CONTRACT NOQO 14-89-J-1849
R & T Code 4134005

Technical Report No. 4

PREPARATION AND CHARACTERIZATION OF CuzZnGcS4_yScy

by
K. Doverspike, K. Dwight and A. Wold

=
N
D
N
o
N
T
Q
<

Prton Prepared for Publication in

ELECTE §
FEBO 6 1390 CHEMISTRY OF MATERIALS

bo
January 15, 1990

Brown University
Department ofChemistry
Providence, Rhode Island 02912

Reproduction in whole or in part is permitted for any
purposc of the United States Government

This document has been approved for public release and sale;
its distribution is unlimited

r

e
‘n

90 02 C

e



TECURITY CLASYFICATION OF 515 Paue

REPORT DOCUMENTATION PAGE

13, REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

-

*b RESTRICTIVE MARKINGS

[omasm, o
23, SECURITY CLASSIFICATION AUTHORITY

)

3 O TRIUTIION L AVNLAGILIEY QF REPORT

2b. OECLASSIFICATION 1 DOWNGRADING SCHEOULE

APPROVED FOR PUBLIC RELEASE
DISTRIBUTION UNLIMITED

4 PERFORMING ORGANIZATION REPQRT NUMBER(S)
' 4 .

S MONITONRIN RUANIZATION REPORT NUMBER(S.
NOGO. 14-89-J-1848 s

64. NAME OF PERFORM'NG ORGANIZATION
BROWN UNIVERSITY
AARON WOLD

6b OFFICE SYMBOL
(If applicadle)

72, NAME OF MONITOR'NG ORGANIZATION
OFFICE OF NAVAL RESEA‘!CH

6¢. ADDRESS (City, State, and 2IP Code)
DEPARTMENT OF CHEMISTRY
BROWN UNIVERSITY
PROVIDENCE, RI 02912

7b. ADORESS {City, State, and 2P Code)
800 N. Quincy
Arlington, VA 22217

8a. NAME OF FUNDING /SPONSORING

8u QOFFICE SrMmEOL
ORGANIZATION

(il apphcable)

9 ?ROSUREMENF INSTRUMENT IDENTIRCATION NUMBER

8¢, ADDKESS (City, State, and 2IP Code)

10 SOURCE OF FUNDING SUMSBERS

PROGRAM PROJECT
NO

TASK wWORS JHUT
ELEMENT NO X i

SO NO

11, NINLE (Include Security Clasulication)

PREPARATION AND CHARACTERIZATION OF CuzZnGeSy.ySey

12. PERSONAL AUTHOR(S)
K. Doverspike, K. Duwight and A. Wold

13a. TYPE OF REPORT 13b TIME COVERED
Technical FROM____ 10

13 DATE OF REPORT (Yeur, Month, Day)

€ OF REPORT i 5 PYgE COUNT

16. SUPPLEMENTARY NOTATION

PREPARED FOR PUBLICATION IN CHEMISTRY OF MATERIALS

17. COSATI CODES
FIELD GROUP SUB.GRQUP

V8 SUBJECT TERMS (Continue on reverse «f necessary and sdentity Dy block number)

concentration.

same in both structures.

19, ABSTRALT (Continue on reverse if necessary and idently by dlock number)

‘) CupZnGeS4 can be prepared in both tetragonal stannite and orthorhombic wurtz-stannite
phases, whereas CuzZnGeSeq only exists in the tetragonal phase.
substituted for sulfur up to 100% in the tetragonal structue of CuZZnGcS4_¥Scy prepared
at 700°C, and up to 75% in the orthorhombic structure prepared at 900°C. T

at which the phase transformation takes place was found to increase with higher selenium
Tron was substituted into both forms of CupZnj_yFeyGeS4.ySey and the
resulting magnetic properties indicated that the FeFe superexchange interactions are the

-~ . -
’<¢-1u.-.-\¢L,, ow—:wm/' c'l'?“"/ 2ume Qmj S—cluum«-/

Selenium can be

/

- U - - 9 . ’ * . - - . . -
(;,(\MM‘,} : wv (‘./b'-’wd'w y SWW“"-UU‘V"J \‘MF"JWI pen ,&,..:_M .?-.ic/,o/-
L}.«U,o.l)»czz/z/r"‘t_g ’JA‘LJJ,C‘_ w“‘MoAILM AW )

he temperature

20 OISTRISUTION/AVAILABILITY OF ABSTRACT

DuncLassIFEDUNLITED O SAME A5 RPT  [JoniC USERS

21 AUSTRACT SECURITY CLASSIFICATION

223 NAME OF RESPONSIBLE INDIVIDUAL

2o TELEPHONE finclude Ared Coae) | 22 OFRCE S1M30L

OD FORM 1473,82MaR

83 APR eotion may oe uteo untit exnausted
Allother editions sre obsolete

SECLRITY CLASSIFICATION OF THIS PAGE




Accesion For \ o ]

NTIS GRA&) v

OTIC TAB a
Unuregn tod 0
JutifiCot s o4t e
By

Distribstion ]

| v tvumram, vt st .-

Avgianiy Coties

. Av.i dadfor
Dist Spreehal

PREPARATION AND CHARACTERIZATION OF CuzznGeS4_vSev
K. Doverspike, K. Dwight and A. Wold é&\

Department of Chemistry, Brown University

Providence, RI 02912

ABSTRACT
CupZnGeS, can be prepared in both tetragonal stannrte and crthorhonbic

:-stannite phases, wherecas CusZnGeSe, only exists in the tatragonal phase.
Se.enium can be substituted for sulfur up to 100% in the tacragonal struccture
of CuZZnGeS4_ySey prepafed at 700°C, and up to 75% in tho ortherhoudic
structure prepared at 900°C. The temperature at vhich the phase
transformation takes places was found to increase with higher seleniun
concentration. Iron was substituted into both forms of C“E:“l~x?exsﬁs4-y3ey
and the resulting magnetic properties indicated that the F.f2 super2xchangs

interactions are the same in both structures.

Introduction
In recent years, ternary chalcopyrites and quaternary chalcogenides have
been studied to observe their semiconducting and optical properties. Some of

thenm are promising for non-linear optics!. Quatcrnary chalcogenides having




the formula Cu{X),B{II}C(IV)H,, <here 3{II) = .a, 72, 70, 14, i, tave been

prepared and charactarized previously=-?,

These chalcogenides fora a large class 2f structurally relatad
compounds. Their structure is derived fron the zinc blende or wurt:zite cell
vith an ordering of the metals on the cation sites. This leads to
superstructures giving either a tetragonal or orthorhombic cell. The
tetragonal stannite structure is derived from the zinc blende by doubling the
lattice parameters in the ¢ direction and has the space group Ii2m (Fig. 1).
The orthorhombic wurtz-stannite cell is a superstructure of the wurtzite cell
and has the space group Pmn2y (Fig. 2). In both structures, there are two
formula units per cell and each anion X is surrounded by two Cu(I), one B(II)

and one C(IV), and every cation is tatrahadrally coordinated by X.

The cormpound Cu,ZnGeS, crystallizes in the tetragonal stannite structure
below 810°C and the wurtz-stannite structura above 310°C-., It :is clear that
the free encrgies of formation for these tuo structures are close i value.
Schifer and lNitsche* have indicated that the stannite and the ‘urtz-stannite
structures are equally probable for conpounds containing Ge{IV). However, the
compound CujZnGeSey crystallizes with the tetragonal stannite structurat.
There have been no raports concerning studies of the systen Cu:ZnGeS4_YSey.

It is the purpose of this study to invaestigate the substitution of suifur by
selenium in the systenm CuZZnGeS4_y5ey. Selenium will be substituted for
sulfur in both the low temperature and high temperature phases in order to
deternmine the solubility limits in each phase. The temperature at which the
phase transformation occurs will also be studied as a function of selenium

concentration.
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The compound CujFeGeS, crystallizes with the tatragonal stanmnite
structure at all temperatures®. In this structure, the aagnetic ions are
never nearest-neighbors. Nevertheless, antifarromagnoetic Te-Fe interactions
yield a Weiss constant of -47 X3. Solid solutions between CuaZnGeS; and
CusMnGeS, were shown to be interesting semimagnetic semiconductors®. It has
been shown previously® that iron can be sdbs&isuted for zinc in the tetragonal
phase of CusZn;..Fe.GeS,(0sxSl). ifore recently, it has also been obsarved
that by quenching the samples, iron can be substituted in the high temperature
orthorhornbic phase of Cuslng.yFe.GeS,; (03x20.15)". The nagnetic propurties of
samples with the composition of CujZny._,Fe,GeS,(05x50.15), crystallizing in
the tetragonal phase (700°C) or the orthorhounbic phase (200°C), were measured
and shoved the same Curie and Weiss constants, It would be interasting to
attempt iron substitution into several thioselunides of Cusiny _ Te,GeSy_Sey
vhere both the tetragonal and orthorhombic phases can bz obrained as single
phase materials. The magnetic properties would than be studied and compared

to the magnetic properties of CujZny.. 7e.52S8;.

Polycrystalline samplas of Cu

to
e
o3
]
-

0.20), (0<y<4), were prepared by combining stoichiomatric “terghts of :he
elements. Prior to use, copper (ilatthey %9.399%) and iron {(Leico I0.294%)
were reduced in an 85% Ar/15% H, atmosphere. Garmanium \Coninco 7-3's,

40 n-cm) and zinc (Gallard and Schlesinger 99.999%) were used iftar size
reduction, vwhile sulfur (Gallard and Schlasinger 99.399%) was subliaed before
using. To each gram of chargc, 5 mg iodine was added {sublinmed, Doepwater

Chemical Co., Ltd., ACS reagent 99.98%).

The stoichiometric weights of the elements vere introduc:d into a silica

tube which was evacuated to 5 x 10-%torr. The tube was thean sealed and




enclosed in a tightly wound Kanthal coil to even out renperature jradients,
The tube was then placed in a furnace and heated to §00°C at the vate of
30°/hr. The tenperature was then raised to 650°C for 24 hrs and then 700°C
for 72 hrs. The tube was then removed from the furnace and was opanad and the
product was ground under a nitrogen atmosphere. The sanple was then placed in
another silica tube, evacuated, sealed and placed back in the furnace for an
additional 24 hrs at 700°C. Since selenides are known to be toxic, it is

advisable to use disposable gloves for these preparations.

Quenching Experiments

*A portion of the tetragonal phase obtained at 700°C was placad in a
silica tube, evacuated, sealed and then suspended by nichrome “ire 2n a
vertical furnace. The sample was heated to 900°C and after 24 hrs the wire

was cut and the tube quenched into ice water.

Phase Transformation Experiments

A portion of the tatragonal ghase abtained at 700°C Zopr sach of the

«y

three samples Cu22n0e84_y5ey (y =9, 2.0, 3.9) =1as riaced in anecher silica
tube and heated in the same furnace at zach of the follewing tenperatures for

24 hrs: 780, 790, 800, 820, 840, 375, and 9200°C, Zach of th: samples vas then

(1]

quenched immediately into ice water.

X-ray Analysis

Powder diffraction patterns of packed slides of those samples ware
obtained with a Philips diffractometer using high intensity JuKey radiation
(A = 1.5405 A). For qualitative phase identification, patterns wecre takan
with a scan rate of 1° 28/min, while cell parameters were deterained from
scans taken at 0.25° 26/min. Diffraction patterns were obtained over the

range 12°< 26 $72° and lattice parameters were determined by a least squares




refinement of the data using a computer prograa <hinh corractad for tha

systematic errors in the measuroment.

Magnetic Measurements

Magnetic measursments were made using the Faraday balance previously
described?, which utilizes platinum as a standard. Hagnetic susceptibilities
were obtained as a function of temperature from 77 to 300 X in a fiald
strength of 10.4 kOe. At both 77 and 300 K the field dependence from 6.22 to
10.4 kOe was also determined. The data were corrected for core diamagnetism

using the value for Cu,ZnGeS; (1.305 x 10-¢emu/mol) previously reported!®.

Results and Discussion

The compound CujsZnGeS, crystallizes with the tetragonal stannite
structure below 810°C and transforms to the orthorhombic wurtz-stannite
structure above this temperatura (Fig. 1). The seluniunm end acmber CuyZnGesSe,
crystallizes with the tetragonal stannite structure. In the present study,
sanples of Cu22n6e84_y5ey with 0sysd have been prepared Soth it 700°C and
900°C. At 700°C a pure tatragonal stannite strucTure ‘ras osctained +<hen
seleniun was substituted for sulfur in CUQZnGeS4_y$6y for Ogysa. There 5 an
increase in the cell parameters as the larger selznium i1ch is supbstituted for
the sulfur ion (Table 1). The increase in the cell volune obeys Yagards' Law
as is illustrated in Fig. 2. Therefore, in the low temperaturea ;etrzgonal
phase, there is complete solid solution in Cu32n6e34_y5ey. When these sanaples
were heated to 900°C and quenched into ice wvater, a pure orthorhoabie wurgs-
stannite structure was obtained for 0<y<3. By z-ray analysis, 1 nulti-phase
region consisting of both the tetragonal and orthorhombic phases is found
between 3<y<3.5, bu: for samples with 3.5¢ys$4.0 there is no sign of the
orthorhombic phase. Higher temperatures could not be used because above 900°C

these samples begin to decompose. Hence, it has been shown that CuaZnGeSey




remains tetragonal at temperatures up to the decomposition point. 7The rall
parameters for the high teaperature orthorhombic phase are shown in Table 2,
vhile a Vegards' Law plot for the orthorhombic phase is shown in Fig. 3.

There is a linear increase in the cell volume from y =0 to y = J in
Cu22n6084_YSey. Above y = 3, the cell volume no longer increases which is
consistent with the two-phase region identified by x-ray analysis. Therefore,
a maximum of 75 atomic percent selenium can be substituted for sulfur in
Cuzznccs4_y80y while still obtaining pure materials both below and above the

transition temperature.

*The phase transformation temperature from the low temperature stannite
structure to the high temperature wurtz-stannite structure of Cu:ZnGes4.},Sey
(y = 0, 2.0, 3.0) was also investigated. It has been reported praviously®
that the phase transformation temperature of CupZnGeS, was 810°C. In the
present study, samples of CuZZnGesq_YSey (y = 0, 2.0, 3.0) were heatad at the
temperatures listed in Table 3 for 21 hrs and were then gquenched inmediately
into ice water in order to stabili:ze the high temperacture pnhase. The pure end
memper Cu,ZnGeS, crystallizes with the tetragonal stannite structure at 7C0°C,
and as shown in Table 3, at 790°C the phase transition to the orthorhombic
phase is complete. This transition tempervature of 730°C is slightly louer
than reported by Ottenburgs®. When half the sulfur s replaced dy seleniun
(CuZZnGeszsez) the transition temperature is approxinmately 320°C (Table 3}

which is 30°C higher than the transition temperature in CuaZnGeSy. Jhen there

e

is a higher concentration of seleniun present as in CuaZnGeSSey, the
transition temperature is raised further to 900°C. Finally, the celeniun end
member Cu,ZnGeSe; shows no phase transformation and crystallizes with the
tetragonal stannite structure at all temperatures. Thus, as the seleniun

concentration in CuZZnGeS4_YSe increases, the low temperature tetragonal

b4
phase is stabilized with respect to the high temperature orthorhombic phase.




This can be seen in Fig. 4 which shows throe u-ray jpatturas of n,2nGes Ly,
(y =0, 2.0, 3.0) all heated tn 720°C for 24 hrs. Tor y = 9, :nly the high
temperature orthorhombic phase is present; for y = 2.0, there is a nixture of
tetragonal and orthorhombic phases; and finally for v = 3.0, caly the low
temperature tetragonal phase exists.

b

In previous studiest:-#®, iron was substituted for ziuc in
CugZny._yFe,GeSy. The compound CusFeGeS; crystallizes with the tetragonal
stannite structure at all temperatures. It has been shown previously® that
there was complete solid solution of CusZny_ FecGeSy (0<x<1) in the low
temperature tetragonal phase. In the high temperature orthorhonbic phase of
Cup2ny._4Fe,GeS,, single phase materials with x = 0.05, 0.10, 0.i5 were made by
quenching the samples into ice water from %00°C*. The magnetic properties of
samples where x = 0.05, 0.10, 0.15 in both the tetragonai and tae orthorhembic
phases with the same composition were measursd and found 0 be simiiar in the

two phases®.

It was reported by Schdafer and ilitsche’ that the

<o

capouna :u:?e6e5e4
crystallizes with the tetragonal structure. In the wresent study, iroen uas
substituted for zinc in the system CupZny_.Fegoes, 3¢
{(y =2, 2.5, 3.0, 4.0). These compounds have a auch larger coil voiume than
CupZnGeS,y due to the anion substitution (Tables 1,2). The resuits of the iron
substitution are’that samples with X = 0.15 can be stabil:ized 1n the high
temperature orthorhombic phase of CuqZnGeSySes by quenching into ice vatger
from 900°C. By x-ray analysis, it is observed that 2 sprall amcunt of the
tetragonal phase is also present in the x = .20 sample of Cualny_.Fe,GeSsSe,.
Therefore, 15 atomic percent Fe could be stabilized in both the tetragonal and
the orthorhombic phases of CuQZn_SSFeO.lsces4_ySeY (y =0, 2.0). Uhen the

seleniun concentration is higher (y = 2.5, 3.0, 4.0), single phase material




vhere x = 0.15 could only ba cbtained in the low tenmperature tatragonal flase,
Since the end members CupFeGeS, and Cu,FeGaSey both crystallize 'ith the
tetragonal cell at all temperatures, substituting iron and selenium into
CusZnGeS, will stabilize the low temperature stannite phase uith respect to

the high temperature wurtz-stannite phase.

Magnetic susceptibility measurements were done on
CusZny . Fe,GeSySe, (x = 0,15) both in the tetragonal and the orthorhombic
phases. Field independant behavior vas observed, which indicated that there
vwere no ferromagnetic phases present. The paramagnetic susceptibilities are
shown in Fig. 5 and obey the Curie-Weiss law. The observed Curie constants,
Fe(II) magnetic moments, and Weiss constants are given in Table 4 along with
the magnetic data for both the tetragonal and orthorhombic phases of
Cusln ggFe 5GeSy and CupZn ggFe ygGeSpSey. The rasults indicate that the
magnetic interactions of iron in both the tetragonal and orthorhombic phases
of CusZny.,Fe.GeSySe, (X = 0.15) are essentially equivalent. The results are
similar to those observed for the system CusZng_,Fe,GeSy (x = 0.15). The
Weiss constants are small and negative in both systems for = = 0,15 indicating

that weak net antiferromagnetic interactions pradominatea.

Conclusions

The pure end member Cu,ZaGeS, crystallizes in the tetrageonal stannite
structure below 790°C, and the orthorhombic wurtz-stannite structure above
790°C. The selenium end member crystallizes with the totragonal stannite
structure at all temperatures. Salenium can be substituted for sulfur up to
100% in the tetragonal structure of CuZZnGeS4_ySey prepared at 700¢C and up ta
75% in the orthorhombic structure prepared at 900°C. The temperature at vhich
the phase transformation takes place was found to increase with hidher

selenium concentration. Iron was substituted into both the low and high




-

temperature foras of Cuzzn'ggftbilsdéS:SQ:. daagnetiz cuseantitilisy
neasuremen’s indicata no significant vaziation in the Surie »r lercs constants
obtained from the tetragonal or orthorhombic samples, “hich 1zplics equality

of the Fe-Fe suneraxchange interactions in both structures.
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Tabla 1

Cell Constants for Tetragonal CuainGes,.,Se.,

Preparad at 700°C . .

Y cell voluae af{A) e(d)
0.00 300.1 5.342(2) 10.314(8)
0.25 302.5 5.357(2} 10.040(5)
0.50 304.9 5.373(2) 10.371¢5,
2.00 323.5 5.479(2) W65
3.00 335.2 5.3412) d.onad
3.3% 338.9 5.583(2) LY - R
3.50 341.3 5.573(3) LR T L3
3.75 344.3 5.592(2) 11,003 (%

4.0 3417 5.510(2) R VRV T




Table 2

Cell Constants for Orthorhombic Cus.ZnGes,..se.,

Quenchad from 900°C

Cell
y volune a(A) b(A) c(A)
0.00 301.2 1.509(2) 5.479(2) 5.192(2)
0.50 306.0 7.549(2) 6.514(2) 5.222(2)
0.75 308.6 7.572(2) 8.532(2) 2. 23912)
1.00 312.3 7.604(2) 6.583(2) B.253{20)
2.00 323.7 7.534(2) §.333(3) veudiil)
2.50 328.9 7.737(2) 3.373(2) SadTiai)
3.00 335.7 7.734(2) §.717¢2) ealltl)




Tab

Phases Adopted by Cuzzncas4

la )

-YSCY

at Variocus Tamparaturas

790
800
820
840
875
900

small aat. orth.

trace orth.

orthorhombic nixead
orthorhombic aized
orthorhombic orthorhenbic
orthorhoxbic orthorhenisic
orthorhombic arthorhosbic
orthorhoabic ortherhonnic

°C CuyZnGes, Cu,ZnGasS,Se, CusinGessSe,
700 tetragonal tetragonal tetragonal
780 tetragonal + tetragonal + tetragonal

TITragana.
1. 37100,
1a.d

I R |




Table 4

Magnetic Data for Cusin ggFeg 1gGasy_.Se,

lagnetic
Curie moment Weiss
Composition Phase constant (ug) constant
CugZn gsFeq 15Ges, tat (700°C) 3.3 5.1 -20(2)
Cuzzn.asrco.156c84 orth (800°C) 1.2 3.2 =222
CUZZD.35r00.155é$2882 tet (700°C) ded S el
cuzzn.asrC°.155€$2322 orth (900°C} J.1 L =512}




Fig.

Fig.

Fig.

Fig.

Fig.

1.

3.

4.

5.

Figure Captions

The two possibla structures of CusB(IINC(IVIX,.

Vegards' Law for tetragonal Cu22n6e54_YSe?.

Vegards' Law for orthorhombic CusZnGa$;

-y$¢?.

X-ray patterns for members of the Cu22n0c84_y5ey
prepared at 799°C,

Magnetic susceptibility as a function of temperature
for both phases of CusZn ggFe 15GeS,5&s.
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